Here we report the effect of UO 2 + /Fe 2+ cation-cation interactions on the redox properties of uranyl (V) complexes and on their stability with respect to proton induced disproportionation. compounds in the environmental mineral-mediated reduction of uranium(VI).
Introduction
Uranyl(V) 1 has been proposed as an important transient intermediate in the biological or abiotic mineral-mediated transformation of soluble uranyl(VI) compounds into the insoluble uranium(IV) dioxide (UO 2 ). These processes provide a convenient strategy to sequester uranium in the environment and, as such, are very important for ground-water remediation. In particular, stable adsorbed or incorporated uranyl(V) species have been reported to form during the U(VI) reduction by Fe and the presence of iron as the second nearest neighbour has been identied. 4 UO 2 + species have low stability in aqueous media and they quickly disproportionate to uranyl(VI) and U(IV), 5 but the incorporation into iron minerals may prevent disproportionation or further reduction of U(V) to U(IV) and thus lead to long-term immobilization of U(V). However, the role of iron binding to uranyl(V) species and their stabilization remains ambiguous in spite of its importance for the correct speciation of uranium in the environment. Dinuclear or polynuclear complexes of uranyl(V) built from the interaction of a uranyl(V) oxo group with the uranium centre from a UO 2 + moiety (UO 2 + /UO 2 + ), also known as cation-cation interaction (CCI), 6 have been proposed as intermediates in the proton promoted disproportionation of uranyl(V) to afford UO 2 2+ and U(IV) species. 1c,7 The subsequent addition of protons to these polynuclear uranyl(V) intermediates leads to complete electron transfer followed by dissociation of the resulting U(VI)/U(IV) complex. In aprotic media stable polynuclear UO 2 + /UO 2 + complexes have been isolated. 8 We showed that the addition of protons (PyHCl) to a pyridine solution of stable tetrameric UO 2 + /UO 2 + complexes leads to the immediate disproportionation of the uranyl(V) species affording uranyl(VI) and U(IV) complexes and water.
8b
Disproportionation of polynuclear cation-cation complexes was also observed in the absence of protons upon addition of strong Lewis acids (Li + or U 4+ ) 8b,9 to stable uranyl(V) Schiff base complexes and was found to lead to complex mixtures of soluble mixed-valent U(IV)/U(V) uranium oxo clusters. It was also reported that the binding of strong Lewis acids or Group 1 metals to the uranyl(VI) oxo group renders more favourable the reduction of U(VI) to U(V). Cite this: Chem. Sci., 2018, 9, 7520
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Moreover, it has been demonstrated that the binding of strong Lewis acids such as B(C 6 F 5 ) 3 to the uranyl(V) oxo groups renders more accessible the reduction of U(V) to U(IV).
10d,11,12 A fewer studies have been directed to investigate the effect of the interaction of uranyl(V) with 3d transition metals on the stability and redox reactivity of uranyl(V) species. Moreover, in spite of the fact that several uranyl (V) (Fig. S2 †) . X-ray quality crystals of 1 could not be obtained, but the addition of one equivalent of PyHCl to a pyridine solution of 1 led to the isolation of X-ray quality crystals of the neutral complex [UO 2 (Htrensal)], 2, in 60% yield. The 1 H NMR spectrum of 2 in pyridine shows the presence of 15 overlapping narrow signals in agreement with the presence of C 2 symmetric solution species (Fig. S3 †) . The X-ray crystal structure of this complex is presented in Fig. 1 and shows that the uranium atom is heptacoordinated, with a slightly distorted pentagonal bipyramidal coordination geometry, by two uranyl oxygen atoms in the axial position and ve donor atoms of the trensal 3À ligand in the equatorial plane.
The third protonated arm of the trensal 3À ligand is not coordinated to the uranyl cation and the phenol proton is hydrogenbonded with the Schiff base nitrogen N4. The values of the U(VI)]O bond lengths lie in the range of those typically observed for uranyl(VI) complexes (U-O3 ¼ 1.783(3)Å and U-O4 ¼ 1.787(3)Å). 8a,d,9,15 The average U-O phenoxide (2.231Å) and the average U-N imine (2.612Å bond) lengths are also in the range of those found in other reported Schiff base complexes of uranyl(VI). 8a,d,9,15 In the attempt to reduce the uranyl(VI) complex 2 we added 1 eq. of decamethyl cobaltocene (Cp* 2 Co) to pyridine solutions of 2. The 1 H NMR spectrum of the resulting reaction mixture immediately aer addition shows the presence of a large number of signals in the À45 to 45 ppm range suggesting that a putative uranyl(V) intermediate complex undergoes rapid disproportionation ( Fig. S4 †) . This suggests that the phenol arm protonates the more basic uranyl(V) (compared to uranyl(VI)) oxo group resulting in proton induced disproportionation. In contrast, the uranyl(V) complex [UO 2 (trensal)K]K, 3, is conveniently prepared in 70% yield from the salt metathesis reaction between K 3 trensal and [(UO 2 Py 5 ) (KI 2 Py 2 )] n in pyridine (Scheme 1).
The 1 H NMR spectrum of 3 in deuterated pyridine showed the presence of uxional species with signals in the paramagnetic region (À11 to 15 ppm) characteristic of U(V). Cooling down or heating up the NMR sample did not lead to a better resolution of the spectrum (Fig. S5 †) . The addition of stoichiometric amounts of 2.2.2 cryptand (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8 ]hexacosane) to complex 3 resulted in a well resolved 1 H NMR spectrum ( Fig. S6 †) . This suggests that uxional potassium binding to the uranyl oxygen is the cause of the broad features in the 1 H NMR spectrum of 3.
, was obtained analytically pure as a green solid in 62% yield. The solid-state structure of 4 was determined by X-ray diffraction Fig. 1 Ellipsoid plot at 50% probability of 2 (co-crystallised pyridine molecule and hydrogen atoms were omitted for clarity, C atoms are represented in grey, O in red, N in blue and U in green). Selected
Scheme 1 Synthesis of the complexes 3 and 4. studies and is presented in Fig. 2 . The overall quality of the crystal structure of compound 4 is rather poor (very weakly diffracting sample) but its connectivity is well determined.
The coordination environment around the uranium centre is similar to that found in complex 2. In 4 the uranium atom is heptacoordinated in a pentagonal bipyramidal coordination geometry. Five donor atoms of the trensal ligand (two oxygen and three nitrogen atoms) occupy the equatorial plane of the uranium ion, while the third arm of the trensal 3À ligand does not interact with any cation and one [K(cryptand)] cation is found as an isolated ion in the unit cell of 4. The bipyramid axial positions in 4 are occupied by two oxo ligands with U-O distances (1.824(15) and 1.865(16)Å) signicantly longer than those found in the uranyl(VI) complex 2 (1.785(3)Å). These distances are in the range of those found in previously reported complexes of uranyl(V).
13a,e,13f The solid-state X-band EPR spectra measured at 298 K and 10 K revealed that the complex 3 is EPR silent.
In contrast, the solid-state X-band (9.40 GHz) EPR spectrum of 4 shows an intense signal at 10 K with a tted rhombic set of g-values (g 1 ¼ 2.44; g 2 ¼ 1.10; g 3 < 0.6), conrming the presence of uranium in the oxidation state +5 (Fig. S29 †) . Notably, encapsulation of potassium enables us to obtain an EPR signal from the otherwise EPR silent complex 3. The likely presence of two potassium binding both uranyl(V) oxo groups results in a different electronic structure of 3 compared to 4 (where only one potassium cation is bound) which results in the absence of the EPR signal. Complex 4 is stable up to one month in the solid state and in pyridine and THF solutions. In order to assess the stability of these uranyl(V) complexes with respect to proton induced disproportionation, we have investigated the reaction of 3 and 4 with protons. Aer addition of 1 eq. of PyHCl to complex 3, partial disproportionation of the uranyl(V) complex was observed by 1 H NMR spectroscopy. The addition of 2 eq. of PyHCl resulted in the complete disproportionation of the uranyl(V) to afford the uranyl(VI) complex 2 and unidentied U(IV) products as indicated by 1 H NMR spectroscopy ( (Fig. S8 †) .
On the other hand, addition of PyHCl to 4 initially resulted in the formation of NMR silent species, but aer 3 days the 1 H NMR spectrum shows the formation of the same disproportionation products as those found in the reaction of 3 with 2 eq. of PyHCl (Fig. S9 †) .
Iron binding to uranyl(V) complexes
In view of the potential important role of iron binding in the abiotic reduction of uranyl(VI) as well as in the stabilization of uranyl(V) at iron mineral surfaces we have investigated the reactivity of complexes 1 and 3 with iron salts.
The reaction of 1 with FeI 2 affords the trinuclear complex [{UO 2 (trensal)} 2 Fe], 5, in 93% yield according to Scheme 2.
The solid state structure of 5 ( Fig. 3) shows the presence of a neutral trinuclear complex where two [UO 2 (trensal)] moieties are held together by a Fe(II) cation bound by two trensal O, N donor atoms not involved in the coordination of the uranyl cation. Thus, the replacement of the potassium cation in 1 with a Fe(II) cation leads to formation of a trinuclear structure.
In order to prepare a trinuclear uranyl(V) analogue we allowed 5 to react with Cp* 2 Co. The 1 H NMR spectrum aer addition of 1 eq. of Cp* 2 Co to complex 5 revealed the formation of a complex reaction mixture. One of the products could be identied by X-ray diffraction studies, revealing the formation of the dinuclear heterobimetallic complex [UO 2 (trensal)Fe(py) 3 ], 6. Addition of 2.5 eq. of Cp* 2 Co to a pyridine solution of 5 led to an intractable reaction mixture from which none of the components could be identied (Fig. S11c †) . Complex 6 can be conveniently prepared in 81% yield from the reaction of FeI 2 with complex 3 in pyridine in a 1 : 1 ratio (Scheme 3).
The solid-state structure of 6, represented in Fig. 4 (Fig. S12 †) . The ESI/MS spectrum ({UO 2 (trensal)Fe(Py) + }: m/z ¼ 859.83) of 6 also indicates the presence of the heterobimetallic complex in pyridine solution (Fig. S26 †) . The stability and reactivity of 6 were then investigated and compared with those found for 3 and 4 in order to elucidate the effect of the Fe 2+ ion. The addition of 1 eq. of PyHCl to a solution of 6 in pyridine results in the partial disproportionation of the uranyl(V) complex (Scheme 4) with a 2 : 1 ratio of 6 to the disproportionation product [UO 2 (trensal)Fe(py) 3 U(trensal)]Cl 7b (Fig. S20 †) . The addition of 2 equivalents of PyHCl to 6 led to the complete disappearance of the signals of complex 6 in the 1 H NMR spectrum (Fig. S13 †) and to an increased intensity of the signals assigned to 7b. The presence of the uranyl(VI) complex [UO 2 (Htrensal)] as the second disproportionation product was also identied by 1 H NMR spectroscopy.
However, in both cases the disproportionation was not complete. Notably, the trinuclear cation-cation complex 7b contains unreacted uranyl(V) (Scheme 4).
The formation of the [UO 2 (Htrensal)] by-product prevented the synthesis of 7b from the reaction of 6 with PyHCl (Scheme 4).
However, the iodide analogue [UO 2 (trensal)Fe(py) 3 -U(trensal)]I, 7 was prepared in 80% yield from the reaction of complex 6 with 1 eq. of the [U(trensal)]I complex in pyridine (Scheme 4). This complex is a rare example of an actinidefunctionalized uranyl complex and only the third example of a uranyl(V) complex presenting a CCI between the uranyl(V) oxo group and a U(IV) cation.
9,13l
The structure of complex 7 (Fig. 5) (2.317(6)Å) is comparable to those found in the only two other complexes reported to have a UO 2 + /U(IV) CCI (2.198 (13) and 2.245(3)Å).
The UO 2 + /Fe 2+ distance (2.144(6)Å) is slightly longer than in 6 but is in the range of those found in the two previously reported complexes presenting a UO 2 + /Fe 2+ interaction (1.946(4)Å-2.132(4)Å).
14c,f
These results indicate that the presence of Fe 2+ increases the stability of uranyl(V) in 6 with respect to proton induced disproportionation. Notably the addition of 2 eq. of PyHCl led to full disproportionation of the complexes 3 and 4 while it resulted only in the partial disproportionation of 6 and the formation of [UO 2 (Htrensal)] and of the Fe-U(V)-U(IV) trimer. The addition of ve equivalents of pyridinium chloride is required for the full disproportionation of complex 6 to occur affording the same uranyl(VI) and U(IV) diproportionation products as observed aer addition of acid to 3. This indicates that the iron bound uranyl(V) complex 6 displays an increased stability towards the proton induced disproportionation compared to the potassium bound uranyl(V) complexes 3 and 4 (Fig. S14 †) . The binding of U(IV) to the uranyl(V) oxo group was previously reported to promote partial disproportionation and formation of multimetallic U(IV)-U(V) oxo-bridged complexes. H NMR studies show that the addition of [U(trensal)]I to complex 3 also leads to the formation of a stable unidentied compound (Fig. S15 †) . The subsequent addition of FeI 2 to this compound led to the formation of complex 7. These results suggest that stable U(IV)-U(V) complexes also form in the absence of iron bound to uranyl(V) oxo group. However, the formation of these compounds is not observed during the addition of PyHCl to 3, which undergoes complete disproportionation aer the addition of 2 eq. of PyHCl. Moreover, the addition of 2 eq. of PyHCl to the U(IV)-U(V) adduct results in full disproportionation, as indicated by the 1 H NMR spectrum, suggesting that the binding of U(IV) to the uranyl(V) oxo does not lead to increased stability (Fig. S15 †) . This further conrms the stabilizing role of Fe(II) binding with respect to proton induced disproportionation of uranyl(V).
The 1 H NMR spectrum of 7 in pyridine shows the presence of 45 signals over a large range of chemical shis (À35 to + 53 ppm) in agreement with the presence of the trimeric complex 7 in solution. (Fig. S16 †) . Additionally, the ESI/MS spectrum of 7 in pyridine solution {(UO 2 (trensal)Fe 3 U(trensal) + } m/z ¼ 1474.42) indicated that the complex 7 retains its trinuclear structure in the pyridine solution (Fig. S27 †) . The addition of 1 eq. of pyridinium chloride to 7 results in partial disproportionation with a 3 : 1 ratio of complex 7 to the disproportionation products as shown by 1 H NMR spectroscopy (Fig. S17 †) . The complete disproportionation of complex 7 requires the addition of 4 eq. of PyHCl. The coordination of U(IV) does not increase the stability of the uranyl(V) species in 7 with respect to 6. In view of the increased stability of 7 and 6 compared to 3 towards proton induced disproportionation, we set out to investigate how the coordination of a second Fe 2+ cation to complex 6 would affect the structure and reactivity of the U(V) centre. The 1 H NMR of the reaction mixture resulting from the addition of 0.5 equivalents of iron(II) iodide to 6 in pyridine indicated the formation of a new species (Fig. S18 †) . X-ray quality crystals of [(UO 2 (trensal)Fe(py) 3 ) 2 Fe(py) 3 ]I 2 , 8, were obtained in 65% yield from this reaction (Scheme 5). The solidstate structure (Fig. 6) The ESI/MS spectrum of 8 (Fig. S28 †) did not show the presence of a pentanuclear architecture in pyridine solution but showed only the peaks corresponding to the trinuclear {Fe-UFe} and dinuclear {Fe-U} complexes. The addition of 1 eq. of the complex [UO 2 (trensal)Fe(py) 3 ] to a solution of 8 in pyridine resulted only in a slight broadening of the 1 H NMR signals of 8
suggesting the presence in solution of a fast exchange between the [UO 2 (trensal)Fe(py) 3 ] moiety and 8 (Fig. S19 †) . lead to an increased stability of 8 towards proton induced disproportionation compared to 6. Notably, the 1 H NMR indicated a 2 : 1 ratio between the starting complex 8 and the disproportionation products upon addition of 1 eq. of H + per uranyl(V) which is identical to the ratio observed for the complex 6 (Fig. S20 †) .
Redox reactivity
Iron binding to the uranyl(V) oxo is anticipated to have an important effect on its redox reactivity. Moreover, it has been suggested that iron binding at mica surfaces leads to the stabilization of uranyl(V) intermediates but the effect of iron binding on the redox properties of isolated uranyl(V) complexes has not been investigated. H NMR spectroscopy indicated that a redox reaction occurs yielding uranyl(VI) and Fe(II) species (Fig. S24 †) . These results are in agreement with the reported inuence of chelating agents on the reoxidation by Fe(III) of biogenic products of uranyl(VI) reduction.
17
These results suggest that the presence of UO 2 + /Fe 2+ CCI stabilizes the uranyl(V) oxidation state with respect to the oxidation. In order to further probe the effect of iron binding on the redox properties of uranyl(V) species we performed comparative cyclic voltammetry studies of complexes 1, 2, 5, 6 and 8 (Fig. 6 and SCV1-SCV4 †). The voltammogram of 1 in pyridine (Fig SCV1 †) shows an irreversible redox event at À1.75 V, but when the voltammogram of 1 is measured in the presence of the cryptand a reversible redox event assigned to the U(VI)/U(V) couple is observed at E 1/2 ¼ À1.69 V vs. Fc/Fc + (Fig. 7, green curve). ). The possibility that this event could be related to the reduction of the Schiff base ligand is unlikely since this feature is absent from the voltammograms of the H 3 trensal, K 3 trensal ligands and of the complex 1. Moreover, the shi of the U(V)/U(IV) couple to a more positive potential in complex 2 could be explained by the presence of a proton on the complex.
Similar redox events are observed in the voltammogram of complex 6 in addition to the quasi-reversible wave at E 1/2 ¼ 0.0 V vs. Fc/Fc + , assigned to the Fe(III)/Fe(II) couple. However, the U(VI)/U(V) reduction process is found at À1.03 V vs. Fc/Fc + in the voltammogram of 6 and the second reduction event occurs at E 1/2 ¼ À2.7 V vs. Fc/Fc + demonstrating that the range of stability of the uranyl(V) species is signicantly extended compared to complex 2 as a result of Fe(II) binding. Both reduction and oxidation of the uranyl(V) cation are more difficult in the presence of Fe(II). No additional redox stabilisation was observed upon addition of two or more equivalents of Fe(II) to complex 6 as indicated by the voltammogram of complex 8 (Fig. SCV4 †) . This is probably due to the labile binding of the second Fe(II) cation to the uranyl(V) oxo group in pyridine. Moreover, in the voltammogram of complex 5 (Fig. SCV2 †) the redox event assigned to the U(VI)/U(V) couple is found at E 1/2 ¼ À1.66 V vs. Fc/Fc + as in complexes 1 and 2 in spite of the presence of a Fe(II) ion bound through the Schiff base acting as a bridging ligand. These results indicate that cation-cation interaction between the uranyl(V) oxygen and the Fe 2+ is essential for the stabilization of U(V) while the presence of a Fe(II) bound through the ligand has no signicant effect on the redox properties of uranyl(V).
Conclusions
In increasing the stability of uranyl(V). These results provide an important insight into the role that iron binding may play in stabilizing uranyl(V) species in the environmental mineralmediated reduction of uranium(VI).
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